Tape casting ceramics technology has been adopted for the fabrication of solid state electrochemical CO 2 sensors and the packaging substrates. The fabricated CO 2 sensors exhibit a fast response and a good recovery with the almost theoretical sensitivity of 37 mV/ decade, corresponding to a sensor operating temperature of 373 K. The two packaging methods, the wire bonding package and the surface-mounted on the ceramic package, were compared with respect to their power consumption and mass production feasibility. In terms of the ease of fabrication, the surface mount packaging technology is superior to the wire bonding technology but its power consumption is approximately twice that of the wired package.
INTRODUCTION
Solid state electrochemical carbon dioxide gas sensors have been used widely in gas sensing applications because of their productivity, durability, and low costs [1, 2] . However, the sensors need a high temperature of 400 o C -500 o C for operation. For providing such high temperatures, the sensor is attached to an electric heater. For applications, the combined sensor should be attached to an additional substrate to ensure thermal isolation and prevent heat conduction through the connecting paths to the electronic circuits that are mainly formed on PCB.
The wire bonding package using a metal can is the most popular method for commercial sensors. In this structure, air with a thermal conductivity of 0.024 W/m·K (compared to 35 W/m·K for Al
) is used as a thermal insulator for maximizing the localization of heat [3] . The ceramic substrate is composed of LTCC material that is a thermal insulator with a thermal conductivity of 3.3 W/m·K and is mostly used for high temperature applications because of its stability [4] .
The problems reported for these two types of substrates include the power consumption and the mechanical strength. The wire bonding type is thermally well isolated by air and consuming a low power. However, owing to the limits of the material properties of the Pt or Au wires, frequent failures occur as a result of mechanical shock or creep [5] . In comparison, the ceramic substrate has a high strength and tolerance to hostile conditions but its relatively high thermal conductivity causes a high power consumption.
Therefore, the differences in the stability and power consumption between the two substrates should be analyzed for optimizing these trade-offs. In this study, the power consumption properties are mainly measured by attaching a solid state electrochemical carbon dioxide sensor to both the substrates. The temperature of the sensor is calculated from the slope of the Nernst plot. For example, at the same value of the slope of the sensor, the power consumption can be compared at the same temperature.
EXPERIMENTAL

Preparation of the CO 2 sensor substrate
The sensor used in this experiment is a solid state electrochemical carbon dioxide sensor fabricated using the tape casting method from Amotech, Corp. The size of the sensor is 2 x 2 mm with a thickness of 0.8 mm after sintering. It is mounted on wire bonding and ceramic substrates, respectively.
The structures of the two substrates are shown in Fig. 1 . The 
Measurement of the CO 2 sensor
Pictures of the sensor products are shown in Fig. 3 . The sensors are placed in an appropriate gas testing chamber for the gas test, as shown in Fig. 4 . The chamber is connected to the gas testing system constructed for the CO 2 gas test. Schematics of the gas testing system are shown in Fig. 5 . It is composed of a gas supplying system, a testing chamber, and power supply units. The testing chamber consists of multiple plates and a PCB board. The multiple plates enable the gas injected into the chamber to be distributed to each sensor. The PCB board supplies voltage to each sensor and delivers the output signals to a data logger. The testing chamber can accommodate 4-16 sensors, separately, for testing various operating conditions. In this experiment, only one sensor is tested in the chamber for reading the voltage and current displayed on the power supply unit. By passing 500 sccm of 500 ppm and 5000 ppm CO 2 gases, respectively, the EMF values of the sensor at each concentration can be measured precisely by changing its heating power.
The relationship between then EMF value and concentration of the gas contents can be expressed as, From this equation, it can be seen that the EMF value is proportional to the logarithm of the concentration; the slope of Eq.
(2) can be expressed as V/decade. It is called the Nernst slope and contains information regarding the temperature. Therefore, from the slope of the differences in the EMF obtained by changing the concentration, the temperature of the sensors can be calculated.
Thus, the power consumption studied previously can be compared based on the temperature of the sensors. As a result, the efficiency of the heating power consumed for increasing the temperature of each substrate can be compared quantitatively.
RESULTS AND DISCUSSIONS
Results
The response behaviors of both the sensors at a typical power are shown in Fig. 6 . As the temperature increases, the variation in the EMF value becomes significant. Therefore, the slope will increase. If a plot of the concentration vs the EMF called the Nernst plot is drawn, as shown in Fig. 7 , the slope of the plot would contain information regarding the temperature.
Using the slope value, the actual temperature of the sensor can be calculated from Eq. (2). The power consumption according to the slope and temperature is summarized in Table 1 .
Comparison of the power consumption and temperature between the two types of substrates
The power consumption for all the sensor conditions along with the calculated temperature is shown in Table 1 . According to the data, the wire bonding substrate consumes lesser power than the ceramic substrate, even at higher temperatures. This was predicted previously because the thermal conductivity of air is 100 times Fig. 4 . Pictures of the sensor products placed in the testing chamber:
(a) wire bonding type (b) ceramic type. Fig. 5 . Schematics of the gas testing system: (a) gas supplying system, multiple plate structure and PCB board within the gas chamber: (b) the wire bonding type and (c) ceramic type I 16 I lesser than that of the LTCC. However, the power consumption is only four times lesser than that of the LTCC. Therefore, the thermal conductivity of the surrounding environment is not the only variable but other effects such as the heat dissipation through the wires, convection through the gas flow, and the size of the sensor exist. In this experiment, the Pt wire used for contact in the wire bonding substrate dissipates power considerably, while the two other effects reasons remain fixed for similar conditions.
Thus, for decreasing the power consumption, the wire bonding type is recommended and a decrease in the wire bonding point would be beneficial.
CONCLUSIONS
A solid state electrochemical carbon dioxide sensor needs a high temperature owing to its operating principle, for ion diffusion through the solid electrolytes. For enabling such conditions, an electrical heater is mostly used for increasing the sensor temperature. A sensor with a considerable tolerance and an efficient substrate is required when electrical heating is used. In this study, two types of substrates, the wire bonding type and the ceramic type, are studied. They have differences in their thermal insulating properties; hence, their power consumption is different.
For decreasing the consumed power, the wire bonding type is recommended compared to the ceramic type. However, the ceramic type is easier to fabricate and convenient for contact with the PCB for supplying power and reading the signals. The ceramic type also exhibits a more stable behavior at high temperatures than the wire bonding type because of the limitations in the material properties of the Pt and Au wires in the wire bonding type.
Therefore, each of the two substrates has advantages with respect to the stability and power consumption. Thus, the ceramic type can be used in hostile environments such as moving vehicles and hot furnaces, while the wire bonding type can be applied for mobile or low power applications such as environment monitoring sensors.
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